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This study is one of very few dealing with mining waste contamination in high altitude, tropical-latitude areas exploited
during the last century. Geochemical, mineralogical and hydrological characterizations of potentially harmful elements
(PHEs) in surface waters and sediments were performed in theMilluni Valley (main reservoir of water supply of La Paz, Boli-
via, 4000 m a.s.l.), throughout different seasons during 2002–2004 to identify contamination sources and sinks, and contam-
ination control parameters. PHE concentrations greatly exceeded the World Health Organization water guidelines for
human consumption. The very acidic conditions, which resulted from the oxidation of sulfide minerals in mining waste,
favoured the enrichment of dissolved PHEs (Cd > Zn As Cu  Ni > Pb > Sn) in surface waters downstream from
the mine. Stream and lake sediments, mining waste and bedrock showed the highest PHE content in the mining area. With
the exception of Fe, the PHEswere derived from specificminerals (Fe, pyrite; Zn, Cd, sphalerite, As, Fe, arsenopyrite, Cu, Fe,
chalcopyrite, Pb, galena, Sn, cassiterite), but the mining was responsible for PHEs availability. Most of the PHEs were extre-
mely mobile (As > Fe > Pb > Cd > Zn  Cu > Sn) in the mining wastes and the sediments downstream from the mine. pH
and oxyhydroxides mainly explained the contrasted availability of Zn (mostly in labile fractions) and As (associated with
Fe-oxyhydroxides). Unexpectedly, Pb, Zn, As, and Fe were significantly attenuated by organic matter in acidic lake sediments.* Corresponding author. Address: ECOLAB UMR 5245, CNRS-INPT-Universite´ Paul Sabatier, ENSAT Avenue de l’Agrobiopole, BP
32607 Auzeville-Tolosane, 31326 Castanet-Tolosan, Cedex, France. Fax: +33 5 62 19 39 01.
E-mail address: anne.probst@ensat.fr (A. Probst).
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Hydrological conditions highly influenced the behaviours of major elements and PHEs. During wet seasons, major
elements were diluted by meteoric waters, whereas PHEs increased due to the dissolution of sulfides and unstable tertiary
minerals that formed during dry seasons. This is particularly obvious at the beginning of the wet season and contributes to
flushes of element transport downstream. The high altitude of the study area compensates for the tropical latitude, render-
ing the geochemical behaviour of contaminants similar to that of temperate and cold regions. These results might be rep-
resentative of geochemical processes in ore deposits located in the high Andes plateau, and of their influence on PHE
concentrations within the upper Amazon basin. Although mining activities in this region stopped 10 years ago, the impact
of mining waste on water quality remains a serious environmental problem.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Mining activities are known to be a major source
of contamination (Nriagu, 1996). Movement of con-
taminants in and near mining sites is a complex
function of the geology, hydrology, geochemistry,
pedology, meteorology, microbiology, and mining
and mineral processing history (Nordstrom and
Alpers, 1999). At most sites, pyrite-rich ores are
the main source of acid mine drainage (AMD),
which may have adverse impacts on biota (Gray,
1997). Consequently, research often focuses on the
complexity of biogeochemical factors involved in
pyrite oxidation (Rimstidt and Vaughan, 2003;
Schippers et al., 1996). Pyrite is commonly associ-
ated with several types of mineral deposits such as
coal, massive sulfide and Au ores (Seal and Ham-
marstrom, 2003). Pyrite-rich ores in industrialised
countries have been extensively investigated (Alpers
et al., 2003; Audry et al., 2005; Muller et al., 2002;
Sanchez Espan˜a et al., 2005). However, for the last
decades an important part of mining exploitation
has been performed in the developing countries,
where scientific investigations are less common. In
South America, studies dealing with mining con-
tamination have mainly focused on Cu and As con-
tamination in Chile (Dittmar, 2004; Dold and
Fontbote, 2002; Oyarzun et al., 2004; Romero
et al., 2003; Smedley and Kinniburgh, 2002) and
Hg contamination in Brasil (Lodenius and Malm,
1998; Pfeiffer et al., 1993; Wasserman et al., 2003).
Bolivia has a long mining history dating to the
Spanish Colonial era (Galeano, 1971). In the last
century, Bolivia became the largest producer of Sn
in the world (Montes de Oca, 1982). Large and med-
ium scale mining activities were intensively devel-
oped in several regions of the country resulting in
significant environmental damage (Chatelain and
Wittinton, 1992). However, few scientific studies
have evaluated mining related contamination prob-
lems in Bolivia (Bervoets et al., 1998; Espi et al.,1997; Ferrari et al., 2001; Hudson-Edwards et al.,
2001, 2003; Maurice-Bourgoin et al., 2003; Miller
et al., 2004; Smolders et al., 2004; Oporto et al.,
2007), and the geochemical behaviour at mine sites
has hardly been investigated.
TheMilluni Valley is located at more than 4000 m
above sea level (a.s.l.) in the Bolivian SnBelt, which is
comprised of massive sulfide deposits in the Eastern
Andes (Ahlfeld and Schneider-Scherbina, 1964).
The Milluni Mine operated from 1940 until 1990,
extracting Sn, Zn and Pb. A very large volume of sul-
fide-rich mine waste has been deposited in this area
by different mining operations which employed a
variety of separation techniques (Rı´os, 1985). The
only environmental studies in this area were biologi-
cal investigations (Apaza Chavez, 1991; Meneses-
Quisbert, 1997), which indicated important effects
on biota and water quality. Since 1930, water from
this catchment has drained a variety of potentially
harmful elements (PHEs, Plant et al., 1997) into the
main reservoir used to supply drinking water to the
1.5million inhabitants of La Paz (Crespo, 1936). This
contamination by PHEs (Fe, Mn, Zn, As, Cd, Pb,
Cu, Sn) from mine waste is imprinted on this high
altitude and tropical region.
The aims of this study are (i) to characterize the
intensity and the sources of the mining contamina-
tion in the Milluni Valley, (ii) to determine the geo-
chemical and mineralogical processes involved in
sediment, stream and lake water contamination
and, (iii) to evaluate the influence of hydrological
and chemical factors on the contamination
behaviour.
2. Materials and methods
2.1. Site description
The Milluni Valley, located in the high altitude
Eastern Andes (locally called Royal Cordillera), is
some 20 km north of La Paz. The catchment area
of 40 km2 constitutes part of the Altiplano basin
system. Lithological units (Fig. 1) can be summa-
rized from north to south as: (1) a granitic terrain
partially covered by glaciers (Huayna Potosı´
granite, HPG); (2) a slightly metamorphosedFig. 1. Location map. On the upper right: main geological features
Lehmann, 1978; Perez and Esktrom, 1995); on the upper left: location
impacted sector by mining activities.fine-grained sandstone with bedded black shales
(Cambrian to Ordovician); (3) a mineralized Silu-
rian sandstone (Catavi Formation); (4) a region
dominated by Quaternary till. The Catavi Forma-
tion is mainly composed of sandstone deformed(based on geological maps, Ferna´ndez and Thompson, 1995;
of the main sampling points; bottom left side: detail of the most
by faults and folds, which allowed mineralisation
(Ahlfeld and Schneider-Scherbina, 1964). Geologi-
cal and mineralisation investigations have been per-
formed by Lehmann (1978). The main ore minerals
in the region are: pyrite (FeS2), marcasite (FeS2),
pyrrhotite (Fe1xS), sphalerite (ZnS), arsenopyrite
(FeAsS), cassiterite (SnO2), galena (PbS), wolfram-
ite (Fe,Mn [WO4]2), and stannite (Cu2FeSnS4).
Associated minerals include quartz (SiO2), siderite
(FeCO3), hematite (Fe2O3), apatite (Ca5(PO4)3F2)
and monazite ([Ce,La,Nd]PO4). This mineralization
was exploited underground; however, a large
amount of mining waste was spread in the Milluni
Chico sector (4.6 km2) in a hazardous way on the
slopes, after the minerals had been extracted by
gravimetric and flotation procedures. The maximum
production was during the 1970–1980s when the
mine produced 1.1  105 Tn/a of rough mineral
(Rı´os, 1985).
The geomorphology of the valley has the typical
U-shape and several small lakes (Fig. 1) characteris-
tic of glacier regression (Argollo et al., 1987). These
geomorphological features control drainage within
the Milluni Valley. An important role of the mor-
aines and of the sheet flow affecting the drainage
has been described for the Zongo Valley and its
main glacier (Caballero et al., 2002, 2004) located
in the northern part of the Milluni catchment
(Fig. 1). A network of diffuse runoff also was
observed during the wet season in the Milluni
Valley. As a consequence, extensive sampling was
performed to enhance hydrochemical knowledge
of the area. Several sectors of the basin, butFig. 2. Monthly precipitation for the Zongo sector during the period 2
more details see: Caballero et al., 2004; Ribstein et al., 1995; Wagnon et a
2003–2004 hydrological studied year at the El Alto sector (SENAM
mean monthly discharge of the bypass channel (G9 sampling point) reg
Gousset, A., personal communication).particularly the upper basin, are draped with peat
bogs and high mountain pasture land.
Even if not entirely the same, the hydrological
characteristics of the Milluni basin can be consid-
ered as similar to those of the nearby Zongo area:
a dry season (DS) and a wet season (WS), which
occur from April to September and October to
March, respectively (Fig. 2; data from SENAMHI:
http://www.senamhi.gov.bo/meteorologia/climato-
logia.php and Great Ice IRD program; Caballero
et al., 2004; Ribstein et al., 1995; Wagnon et al.,
1999). Most moisture is derived from easterly winds
originating in the Amazonian basin. This rainfall is
greater along the main axis of the mountain (Zon-
go), and decreases towards the Altiplano (El Alto).
Temperatures range between 6.3 and 17.4 C with
an average of 1.7 C, but do not vary much
throughout the year due to the high elevation (Rib-
stein et al., 1995). The bypass channel (sample G9)
was built to drain the waters of Jankho Kkota Lake
down the valley (Fig. 1), with the objective of avoid-
ing the influence of the Milluni waters. A strong cor-
relation was observed between precipitation in the
region and discharge through the bypass channel
(Fig. 2).
2.2. Sampling and analytical procedures
Stream sediments, mining wastes and surface
waters were collected in January/February and Sep-
tember 2003. Additionally, certain localities (J5,
M1, M3, G3, G8, G9 and partially G11) were sam-
pled regularly (every 45 days) from January 2003002–2003 and 2003–2004 (data from Great Ice IRD program, for
l., 1999); Mean precipitation for the period 1961–1990 and for the
HI: http://www.senamhi.gov.bo/meteorologia/climatologia.php);
istered for the period 2002 (data from Bolivian Power Company,
until May 2004. Discharge, pH, Eh, conductivity
and T (C) were all measured in situ. The surface
waters were filtered (<0.22 lm) according to estab-
lished field protocol. One aliquot of the sample (as
well as a blank) was kept for anion measurements
and the rest was acidified with HNO3 for cation
and trace element analysis. After collection, samples
were stored in coolers for shipment to France and
not exposed to light. Suspended particulate matter
was insignificant in all the samples, it was not con-
sidered in the study.
Major cations and anions were analyzed by
atomic absorption spectrometry (AAS 5100 PC,
Perkin–Elmer) and ion chromatography using AS-
14 columns (DIONEX-DX300), respectively. The
analytical results were checked using CRM
BMOOS-01 (National Laboratory for Environmen-
tal Testing, 2002) and the error was consistently less
than 5%. Alkalinity was determined by titration
with HCl (DMS Titrino, Metrohm), the error was
always less than 3%.
PHEs in sediments, mining wastes and waters
were determined by ICP-MS (Elan 6000, Perkin–
Elmer) using the international geostandard SLRS-
4. The detection limit varied for each analysis, but
generally was <0.1 lg l1 for Sc, Cd, Ni, Cu, As,
Sn, Mn, Ti and Pb, <2.8 lg l1 for Zn and Al,
and generally <7 lg l1 for Fe. The analytical error
was consistently less than 10%. Analytical measure-
ments followed an interference correction for oxides
and bi-charged ions according to a well-calibrated
laboratory procedure (Aries et al., 2000). Results
were corrected using blanks.
Sediments were air dried in a controlled atmo-
sphere, and then sieved with Teflon-coated sieves.
A portion of the <2 mm fraction was analyzed by
X-ray diffraction (XRD), and the remainder was
completely dissolved in strong acids (HF/HNO3/
H2O2) in a clean room. Acid digestions did not
exceed 90 C to avoid As volatilization. Every diges-
tion was controlled with procedural blanks and
certified standard sediment STDS02. Recovery of
the different elements was: Zn: 109 ± 10%, As:
88 ± 9%, Sn: 107 ± 15%, Pb: 102 ± 9%, Cu: 94 ±
11%, Mn: 88 ± 11% and Fe: 83 ± 13%.
A sequential extraction procedure was performed
on sediment samples. This experimental technique
has been largely used in environmental studies (Fil-
gueiras et al., 2002), and several schemes exist (Smi-
chowski et al., 2005). The procedure of Leleyter and
Probst (1999) was chosen because it has been devel-
oped for river sediments and suspended particulatematter, and tested for selectivity, reproducibility
and repeatability of the different steps (for details
see Leleyter and Probst, 1999; Hernandez, 2003;
Leleyter et al., 1999; Brunel, 2005). This procedure
is based on decreasing pH using successive reagents.
At the end of the original procedure, a new step
which consists of HNO3 (5 ml, 8 N) reaction for
3 h, was added to characterize the sulfide fraction
(Dold, 2003; Carlsson et al., 2002; Fanfani et al.,
1997; Pagnanelli et al., 2004). The specificity of this
step, essential in mining environments, was tested
on a natural and near pure sample of galena, which
was chosen according to its well known sensitivity
to sequential extractants (Sondag, 1981). The sul-
fide, organic matter, Mn oxides, and acid soluble
fractions represented 94.2%, 2.3%, 2.2%, and 1%,
respectively, whereas the remaining phases only
contained 0.3% of the Pb. It can thus be concluded
that the procedure is accurate to determine the
amount of element bound to the S fraction in
stream sediments influenced by mining waste
erosion.
XRD was performed with Co radiation (Co Ka,
k = 1.789 A˚) at 40 kV for a duration of 1800 s for
each sample. Scanning electronic microscopy (6360
Low Vacuum – JEOL) coupled to an energy disper-
sion spectrometer (SDD, Sahra Silicon Drift Detec-
tor – PGT) was used to determine minor
mineralogical phases in different samples. Micro-
probe analysis (Cameca SX50) was applied at
15–25 kV to determine the chemical composition
of the sulfide minerals.
Organic matter content was determined on
100 mg of lake sediment (G8), by thermogravimetric
(TG) analysis, with a gradient of 5 C/min up to
700 C.
2.3. Calculations
The code WATEQ4F (Ball and Nordstrom,
1991) was used to assess the mineral saturation indi-
ces, the ion activities and the distribution of aque-
ous species of the surface waters.
An enrichment factor (EF) was calculated to
characterize the influence of geological, hydrologi-
cal and mining factors on element concentrations
in surface waters (Schu¨tz and Rahn, 1982; Shotyk,
1996). Several reference elements can be used (Zr,
Hf, Ti, Al and Sc), but Zr and Hf were often below
analytical detection limits, and Al was not conserva-
tive in the acidic and oxic conditions of the mining
sector (Table 1). Titanium was a good candidate
Table 1
Main physico-chemical parameters and composition of water in Milluni basin
Chemical parameters, WG WHO pH, wg HCO3 (mg l
1), wg SO24 (mg l
1), 400
Points n Wet season Dry season Wet season Dry season Wet season Dry season
Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max
Pristine and slightly contaminated waters
P1 2 7.51 8.11 3.12 10.6 0.59 6.94
J5 15 6.60 6.94 7.99 6.40 6.74 7.64 7.20 15.7 19.7 10.2 16.6 20.9 10.6 14.6 22.3 13.7 38.1 74.0
J9 2 6.68 6.61 17.0 15.7 15.5 20.6
V1 2 4.87 4.74 1.36 1.40 28.0 25.0
M3 17 3.69 4.04 4.35 3.81 4.27 4.65 0.60 2.56 27.9 39.5 52.9 18.0 24.5 33.7
G9 15 6.68 7.33 9.16 6.04 7.40 9.20 14.0 23.5 30.2 8.76 17.7 21.8 18.9 20.5 24.1 12.3 17.1 20.9
Highly contaminated waters
M1 15 2.56 2.72 2.86 2.58 3.05 3.29 897 1340.0 1550.0 757 1100.0 1630.0
M4 2 2.63 2.44 850 806
M6 2 2.67 2.86 1060.0 7190.0
M8 2 2.76 2.50 517 2290.0
G3 16 2.90 3.22 3.31 2.98 3.16 3.38 99.7 124 280 90.0 138 176
G8 15 2.70 2.82 2.90 2.70 2.83 3.02 310 463 540 260 349 471
Chemical parameters, WG WHO TDS (mg l1), wg Ca (mg l1), wg Mg (mg l1), wg
Points n Wet season Dry season Wet season Dry season Wet season Dry season
Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max
Pristine and slightly contaminated waters
P1 2 5.3 26.5 0.9 5.3 0.1 0.3
J5 15 25.6 43.1 51.4 45.4 76.6 125.6 4.7 7.1 9.5 8.5 14.5 23.0 0.7 1.4 1.8 1.8 3.0 5.3
J9 2 46.2 50.6 8.6 10.0 1.4 2.2
V1 2 43.0 36.2 3.9 3.7 3.1 2.8
M3 17 37.5 55.3 73.8 27.5 35.4 48.3 3.5 4.1 4.7 2.7 3.2 4.4 2.4 3.3 3.9 2.0 2.3 3.2
G9 15 45.2 61.2 70.1 29.2 47.8 58.4 6.8 8.6 9.2 5.1 8.8 12.1 1.3 3.2 4.3 1.2 1.7 2.2
Highly contaminated waters
M1 15 1310 1940 2220 1150 1620 2290 30.3 42.9 55.5 37.4 50.9 69.2 38.0 58.9 66.8 30.6 52.1 78.8
M4 2 1220 1190 25.3 16.5 31.1 20.3
M6 2 1480 11,000 30.2 57.8 32.1 179
M8 2 725 3450 14.4 45.1 19.5 45.2
G3 16 132 167 378 125 187 231 5.6 6.9 11.5 5.9 9.7 12.1 6.9 8.4 14.5 7.0 10.5 12.9
G8 15 407 643 797 379 490 634 10.5 15.1 18.0 7.2 13.3 26.8 12.3 18.8 23.0 8.8 16.9 33.9
Chemical parameters, WG WHO Eh (mv), wg Fe (mg l1), 0.3 Al (mg l1), 1.43
Points n Wet season Dry season Wet season Dry season Wet season Dry season
Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max
Pristine and slightly contaminated waters
P1 2 150 22 0.04 0.06 0.01 0.01
J5 15 118 194 276 185 230 268 0.01 0.11 0.25 0.01 0.07 0.19 <0.01 0.01 0.04 <0.01 <0.01 0.01
J9 2 160 153 0.08 0.01 0.01 0.01
V1 2 384 229 0.11 0.13 0.23 0.13
M3 17 422 438 457 265 321 384 0.14 0.54 1.22 0.05 0.16 0.65 0.23 0.76 1.46 0.16 0.31 0.56
G9 15 129 213 308 184 293 357 0.01 0.18 0.30 0.01 0.08 0.31 0.02 0.08 0.28 <0.01 0.02 0.07
Highly contaminated waters
M1 15 412 420 425 319 363 407 195 367 437 152 253 310 3.0 10.5 13.9 3.6 5.4 7.4
M4 2 476 467 227 123 6.0 1.9
M6 2 434 287 277 2900.0 21.1 24.6
M8 2 429 362 123 905 4.5 4.4
G3 16 476 477 480 353 434 487 4.7 7.1 11.5 7.8 14.5 21.5 1.9 3.6 13.5 0.4 1.7 3.4
G8 15 554 562 571 522 531 537 49.0 97.9 152 44.1 58.3 80.1 1.8 3.8 5.9 2.3 3.0 3.7
NB: WGWHO, water guidelines given by the World Health Organization; wg, without guideline; n, number of samples. If only one measurement was made, it is indicated as a median
value. HCO3 was not measured for acid waters.
(particularly relative to hydrological discrimina-
tion), but Sc was more efficient at distinguishing
between pristine and contaminated areas in terms
of weathering. The EF calculated using local geo-
chemical background or earth crust (Wedepohl,
1995) values as references, gives similar discrimina-
tions of the contaminated areas. To standardize
the results, the latter was chosen:
EF ¼ Mw
Scw

M ec
Scec
ð1Þ
where EF is enrichment factor, M is the PHE of
interest, Sc is scandium, and subscript w indicated
surface water concentration and ec earth crust con-
centration. An EF between 0.5 and 2 is in the range
of natural variability, whereas values greater than 2
indicate a likelihood of anthropogenic enrichment
(Hernandez et al., 2003; Schu¨tz and Rahn, 1982).
3. Results
3.1. Chemical composition of surface waters
3.1.1. Major elements
Table 1 presents physical and chemical parame-
ters for representative surface water samples. Pris-
tine waters originate from separate geochemical
formations: a granitic area (P1) and a non-mined
mineralized unit (Catavi Formation, V1). The pH
and TDS values indicate a clear difference between
pristine or slightly contaminated and mining
impacted waters. This shift in aqueous geochemistry
was observed for all cations. Water from the mining
sector is characterized by a decrease in pH and alka-
linity and an increase in SO24 concentrations.Fig. 3. Piper diagrams for cations (a) and anions (b) of the maPiper diagrams were used to compare major ion
composition of WS water samples, which exhibited
large variations in TDS (Fig. 3). Cation (Fig. 3a)
and anion (Fig. 3b) distributions identify three
regions with distinct water compositions: (1) the
upper basin, including the Pata Kkota sector (PK,
black circles), dominated by Ca2+ and HCO3 ; (2)
the middle basin, in the vicinity of Jankho Kkota
(JK, black squares) with a transition from Ca2+
and HCO3 to Ca
2+ + Mg2+ and HCO3 þ SO24
dominated waters; (3) the mining and downstream
region including the Milluni Chico (MC) and Mill-
uni Grande (MG) areas (triangles), which is charac-
terized by SO24 plus a range between nearly equal
proportions of Ca2+ and Mg2+, to Mg2+ dominated
waters.
Whatever the season, the Eh of surface waters
was higher in mine outputs (M1, M4) than in pris-
tine waters (P1, V1). There was a general trend of
decreasing Eh value from WS to DS in all catch-
ments, however, all values were indicative of oxidiz-
ing conditions. Most of the chemical species in the
highly contaminated waters exceeded the water
guidelines proposed by the World Health Organiza-
tion (WG WHO, O.P.S., 1987, Table 1).
3.1.2. PHEs
PHE concentrations in the Milluni waters
(Table 2) shows a huge break between waters drain-
ing the pristine and slightly contaminated areas and
those draining the mining area. A generally decreas-
ing trend in concentrations was observed for con-
taminated waters (Tables 1 and 2), with five orders
of magnitude difference between Fe and Pb:
Fe Zn > Mn  Al As  Cu >Cd Pb. Thisin streams from the Milluni Valley during the wet season.
Table 2
PHE concentrations in waters of Milluni Valley
Chemical parameters, WG
WHO
Zn (lg l1), 2000 Mn (lg l1), 500 As (lg l1), 10
Points n Wet season Dry season Wet season Dry season Wet season Dry season
Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max
Pristine and slightly contaminated waters
P1 2 13.4 0.5 6.4 8.3 3.7 4.4
J5 15 32.6 129.0 206 81.7 261 425 48.5 214 330 4.6 76.8 175 0.7 1.0 1.5 0.1 0.4 0.9
J9 2 58.8 49.3 51.4 13.5 2.3 0.6
V1 2 1080 756 336 305 0.5 0.4
M3 17 1230 2110 3170 810 1180 1530 557 625 778 274 426 548 0.8 1.5 2.2 0.5 0.9 2.1
G9 15 16.8 101 220 10.0 110 282 13.4 88.6 125 <0.1 43.1 160 1.1 1.9 3.0 0.5 1.5 3.2
Highly contaminated waters
M1 15 55,100 74,200 119,000 78,600 126,000 166,000 17,500 28,400 33,500 14.5 27.2 35.2 23 1180 2280 40 115 232
M4 2 53,800 202,000 14,000 11.6 3560 573
M6 2 28,100 489,000 15,500 105 4600 17,800
M8 2 26,700 114,000 9350 25.6 636 1400
G3 16 2580 6890 25,800 2090 4610 8840 1200 2530 12,200 1.0 2.1 4.5 6.2 24 121 3.6 16 37
G8 15 16,100 29,000 57,200 22,400 31,400 39,800 3860 8420 13,200 5.5 7.2 9.2 19 77 170 16 29 37
Chemical parameters, WGWHO Cu (lg l1), 1300 Cd (lg l1), 3 Pb (lg l1), 10
Points n Wet season Dry season Wet season Dry season Wet season Dry season
Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max
Pristine and slightly contaminated waters
P1 2 0.7 0.2 <0.1 <0.1 0.1 <0.1
J5 15 <0.1 0.5 1.1 0.1 0.3 0.5 <0.1 0.2 0.3 0.2 0.3 0.6 <0.1 0.1 0.3 <0.1 <0.1 0.3
J9 2 3.3 0.9 0.1 0.2 19.0 <0.1
V1 2 51.7 31.1 3.6 2.5 0.2 <0.1
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s.trend was similar for pristine and slightly contami-
nated waters, but the difference between Fe and
Pb concentrations was only three orders of magni-
tude. PHE speciation calculated for contaminated
waters showed that >60% of Zn, Cd, Cu, Ni, Fe
and Mn were as free cations and the remaining frac-
tion was represented mostly by SO4 complexes.
Only Pb was dominated by SO4 complexes
(60%). Arsenic was mainly as H2AsO14 (>70%).
Cadmium was the only element for which guide-
lines proposed by WHO (Table 2), were exceeded in
the background area (V1) during the WS. In slightly
contaminated waters (M3, J9), during the WS the
guidelines for Zn, Mn and Cd in M3 and Pb in
J9, also were exceeded. Most of the PHEs in highly
contaminated waters greatly exceeded the water
guidelines, whereas at the outlet of the system
(G8), only Zn, Mn, As, Cd and Pb did.
A seasonal comparison of PHE concentrations in
surface waters reveals a significant hydrological
influence (Table 2). This seasonal variation of PHEs
is clearly observed at the mine output (M1, Fig. 4).
In general, As and other PHEs (Pb, and to a lesser
extend Cu and Cd) concentrations increased during
the WS, with the exception of Zn in highly contam-
inated waters, which increased during DS.
Average concentrations of PHEs (Zn, Mn, As,
Cd, Cu, Pb, Table 2) in the mining sector (M1,
M4, M6, Fig. 1) were at least one order of magni-
tude higher than in the pristine areas. Downstream,
in Milluni Grande Lake (G8), PHE concentrations
decreased substantially, however, they remained at
least seven times to several orders of magnitude
higher than in pristine waters (P1, V1, particularly
As, Zn and Mn).
3.2. Mineralogical composition of sediments and
mining wastes
Field observations (Fig. 5), XRD analysis of 45
bed sediment samples (fraction <2 mm, Table 3)
and SEM–EDS investigations revealed the variation
of mineralogical composition within the valley. Sed-
iments from Pata Kkota and Jankho Kkota sectors
(upper valley) are characterized by primary silicate
minerals. In the mining sector, primary sulfide min-
erals dominated (Milluni Chico sector, Figs. 1 and
5a: dark sediments bordered by white line).
Enriched sulfide mining wastes (M10) were
mainly composed of pyrite and sphalerite, but chal-
copyrite and arsenopyrite also were common
(Fig. 6). Fresh mining waste also contained tertiary
Fig. 4. Seasonal variations of As, Pb and Zn concentrations at the output of the Milluni Mine (M1), and amount of precipitation during
the year. Arsenic and Pb increased during the wet season, conversely Zn decreased during this season. Rain data from Great Ice IRD
program.
Fig. 5. Photographs of the different sampling sites of sediments and mining wastes in Milluni Chico and Milluni Grande. Photograph
locations are shown on Fig. 1: (a) Milluni Mine, white lines show dark mining wastes rich in sulfides; (b) weathered mining wastes in the
Milluni Chico sector; (c) efflorescent tertiary minerals in Milluni Chico during the dry season indicated by the asterisks; and (d) orange
waters and sediments very rich in Fe-oxyhydroxides in Milluni Grande Lake.minerals, such as jarosite. The appearance of these
minerals ranges from dark stains in primary miner-
als to completely altered grains and they contain ele-
vated concentrations of PHEs, especially As. SEM
and EDS images (Fig. 7) revealed the presence of
other minerals such as complex Pb sulfates or bis-
muthinite (Bi2S3), and confirmed the occurrence of
cassiterite (SnO2). Although the features of sulfide
mineral alteration products seemed homogenous
(Fig. 7a, secondary electron image) their chemistry
and mineralogical composition might be relatively
complex (Fig. 7b, backscattered electron composi-
tion). Fig. 7b shows small pyrite grains within Pb
sulfate, and in some locations elemental S (circled
and marked by ‘‘S”). Some primary sulfide miner-
als, such as bismuthinite (Fig. 7c) appeared unoxi-
dized, but the mineral boundaries were irregular.
On the order hand, primary oxides such as cassiter-
ite (Fig. 7d), zircon and quartz showed no evidence
of weathering. Even though neighbouring phyllosili-
cates and quartz are fully preserved, monazitecrystals have diffuse borders and altered surfaces
(Fig. 7e).
In the main channel linking the Milluni Chico
residual lakes (M2, Fig. 1), Fe-oxyhydroxides and
sulfates (amorphous, jarosite and goethite), which
are products of intense chemical weathering, domi-
nated (Fig. 5b). These sediments contained a mix-
ture of sulfides and Fe-oxyhydroxides (Fig. 7f) as
well as intimate mixing of oxidized pyrite, illite
and goethite (Fig. 7g). In the highly weathered min-
ing wastes deposited in the central sector of Milluni
Chico (M6, Fig. 5b), Fe-oxyhydroxides dominated
and commonly cover other mineral grains
(Fig. 7h). Sulfides also are present, but they have
been intensively altered by oxidation (Fig. 7i).
Finally, during the DS in distal mining wastes
(M9), efflorescent minerals were observed (Table 3,
Figs. 7j and 5c), such as melanterite.
The mineralogy of sediments from the Milluni
Grande sector (downstream) was dominated
by Fe-oxyhydroxides, in addition to recalcitrant
Table 3
Synthetic mineralogical composition of bed sediments and tailings from the Milluni basin
Type Basin sector,
sample
Upper basin Mining sector Lower basin
Pata
Kkota and
Jankho
Kkota
streams
sediments
(PK–JK)
Catavi
background
(Ventanani)
Fresh
tailing
mine
Neoformation
minerals in
distal tailings
Lixiviated
tailings
Mining
activity
(material
rock
extraction)
Milluni
Grande
L.
bottom
sediments
Output
channel
Minerals
Primary Quartz (+++) (+++) (++) (+++) (+++) (+++) (+++)
Orthoclase (++)
Muscovite (++) (++) (++) (++) (++)
Albite (+) (++) (++)
Microcline (+) (+)
Anorthite (+)
Cassiterite (+)
Sphalerite (++) (+)
Pyrite (+++) (+) (t)
Secondary Siderite (t)
Chlorite (+) (+) (+) (+) (+)
Tertiary Rozenite (+++)
Melanterite (+++)
Diaspore (+)
Jarosite (+)
Goethite (+)
Fe-oxyhydroxides (+) (+) (+)
Accesory Anastase (+-t)
Three main areas of the valley were discerned: the upper part (PK, JK, V sectors), the mining sector (Milluni Chico sector) and the lower
part (Milluni Grande sector).primary silicate minerals and accessory phases
(Table 3). A similar mineralogic composition was
observed for Milluni Grande Lake bottom sedi-
ments (G8, Figs. 1 and 5d), which are mainly com-
posed of a complex mixture of Fe-oxyhydroxides
and silicates (Fig. 7k and l).
3.3. Chemical composition of sediment and mining
wastes
3.3.1. Mineral phases
The chemical composition of the different sulfide
minerals from the Milluni Chico sector (M2, M6,
M9 and M10) was investigated by microprobe anal-
yses (Table 4). The samples commonly contained
pyrite and sphalerite, and more rarely chalcopyrite
and arsenopyrite. Conversely, sulfides such as stan-
nite or kesterite as expected were uncommon, as
cassiterite, which is a primary oxide, is the main
Sn ore mineral.
Arsenopyrite was the main As source, whereas
pyrite content was very low. Chalcopyrite was themajor Cu bearing mineral, but kesterite (Cu2
(Zn,Fe)SnS4), stannite (Cu2FeSnS4) and sphalerite
are secondary sources. Kesterite and stannite are
Sn sulfides, but also may contain Cu, Fe and Zn.
Pyrite was the main source of Fe, although Fe also
was present in other primary minerals. Sphalerite
was the primary source of Zn and Cd, however,
kesterite also may contain trace amounts of Cd. Sul-
fur was associated with pyrite, chalcopyrite and
sphalerite, while other sulfides contained only half
of the pyrite S concentration. Lead, Ni and Co were
not detected.
3.3.2. Bulk element concentration
Total bulk PHE concentrations for sediments,
mining waste and bedrock, as well as sediment
guidelines (Ingersoll et al., 2000) are shown in Table
5. Measured Eh values suggest that streams and
lake bed sediments are oxidizing environments.
The pH of sediments affected by mining was very
low, with values close to the corresponding surface
waters (Table 2). The fresh mining wastes (M10)
Fig. 6. Enriched mining waste sulfides from Milluni Mine (M10) as shown by backscattered electron microscopy. Semi-quantitative
chemistry was defined by EDS spectra.had the highest concentrations, with the exception
of Mn and Pb. The highest Mn and Pb concentra-
tions in the region were found in a sample of bed-
rock waste from the ore. Arsenic concentrations
were clearly higher in mining-affected sediments
and wastes than in bedrock from the different geo-
logical units. Zinc concentrations in bedrocks and
sediments, including some background sediments
(e.g. V1), were often higher than sediment guideline
values. The same pattern was observed for Mn, As
and Sn, for which sediments from pristine areas
(i.e. P1, P2, V1) exceeded their respective guidelines.
On the other hand, Cu, Cd and Pb guidelines were
only exceeded in mining-affected samples. Iron was
present at high concentrations in pyrite-rich mining
wastes, and in oxide-rich sediments.
3.3.3. Distribution of PHEs between residual and
non-residual fractions
Sequential extractions were performed on three
typical samples of the different types of sedimento-logical conditions found in the area (Fig. 8): (i) sed-
iment representing geochemical background (P1),
(ii) mining wastes (M10), and (iii) sediment close
to the outlet of the Milluni Grande Lake (G8), with
the aim of determining where PHEs reside.
Zinc was dispersed among the different phases,
particularly in the background sample (P1, Fig. 8).
Downstream, samples M10 and G8 showed a signif-
icant increase of water-leachable Zn. In mining
wastes (M10), Zn was mainly bound to sulfides,
whereas it was mainly found in the residue and in
the organic fraction in the lake sediments (G8).
In general Fe oxides (Fig. 8) were the main As res-
idence, particularly amorphous Fe oxides in the
background area (P1), but also in M10 sample where
the major As source was sulfides. On the other hand,
in G8, As was primarily associated with crystalline
Fe oxides and to a lesser extent organic matter.
Lead was primarily associated with organic mat-
ter (Fig. 8), but the residual phase was also impor-
tant in P1. In M10, Pb was bound to organic
Fig. 7. Secondary electron (SEI), backscattered electron composition (BEC) and backscattered electron shadow (BES) images: (a) lead
complexed sulfate in M10 (SEI); (b) same image as ‘‘a”, but in BEC defining: pyrite (py), pure S (S), lead sulfate (PbSO4); (c) bismuthinite
(Bi2S3) in M10 (BEC); (d) cassiterite (SnO2) in M10 (BEC); (e) monazite (mz), quartz (qz) and muscovite (ms) in M10 (BEC); (f) on the
right: Fe-oxyhydroxides surrounding py, on the left: white arrows show cassiterite inclusions in py in M2 (BEC); (g) Close mixing of
oxidized py, illite clay sheet (ill) and goethite (gt) in M2 (SEI, partial vacuum); (h) Fe-oxyhydroxides covering grains in M6 (SEI); (i) very
altered py remaining in Fe-oxyhydroxide mass in M6 (BES); (j) precipitated sulfate (melanterite) during the dry season, mixed with
residual py in M9 (BEC); (k) silicates mixed with inseparable mix of phyllosilicates (probably illite) and Fe-oxyhydroxides in G8 (BEC);
(l) detail of inseparable mix of phyllosilicates (probably illite) and Fe-oxyhydroxides in G8 (SEI).matter and sulfides, however, oxides played an
important role as well. Finally, the organic fraction
played a major role in lake sediments (G8) with
crystallized oxides and residual phases.Iron exhibited a distinct pattern for each sample
(Fig. 8). Iron in sample P1 distributed among the
various fractions, whereas it was primarily associ-
ated with sulfides in mining wastes. In sample G8,
Table 4
Average sulfide mineral compositions given by microprobe analyses in mining wastes from Milluni Chico sector
Mineral name Elements in % (1% = 10,000 mg kg1) Recovery (%)
S Fe Zn As Cu Sn Cd
Arsenopyrite 20.2 34.4 <dl 44.8 <dl <dl <dl 99.8
Chalcopyrite 34.9 29.2 1.7 <dl 33.6 <dl <dl 99.5
Kesterite 28.8 10.1 3.2 <dl 29.2 27.0 0.1 98.5
Pyrite 52.0 46.5 <dl 0.4 <dl <dl <dl 99.0
Sphalerite 33.5 6.3 56.1 <dl 4.1 <dl 0.2 100.3
NB: Detection limits were 362 for S; 417 for Fe, 589 for Cu, 754 for Cd, 850 for As, 675 for Zn and 763 mg kg1 for Sn; <dl = under
detection limit.Fe was bound to both amorphous and crystalline Fe
oxides, but organic matter also played a significant
role.
Tin was primarily bound to the mineral lattice
(Fig. 8). However, sulfides also played an important
role in mining wastes and crystalline oxides did in
G8.
3.3.4. Organic content in Milluni Grande Lake
Sequential extractions indicated that elements
were bound to organic matter (OM) to a certain
extent in lake sediments (G8). Even though the
method from Leleyter and Probst (1999) was devel-
oped for river sediments and was somewhat con-
strained regarding the fraction selectivity, this
result was unexpected. To verify that this result
was realistic, OM content was determined, and indi-
cated that this sediment (G8) contains 5.5%. This
OM might originate in the numerous peat bogs
from the upper basin. No data on OM content
was available for P1 and M10.
4. Discussion
4.1. Mineralogical sources and sinks and availability
of PHEs in the Milluni Valley
Sediments and mining wastes were investigated
to identify potential sources and sinks of PHEs
and to evaluate the extent of contamination. The
mineralogy and geology of the area account for
most of the observed variation in bulk concentra-
tion of PHEs in sediments and mining wastes, with
the highest PHE contents observed in samples from
the mining sector (Table 5). Nevertheless, the PHE
mobility in the environment was enhanced by min-
ing operations (Tables 1, 2 and 5). As indicated by
XRD, SEM & EDS analysis, sulfides were identified
as a principal source of PHEs in the Milluni catch-
ment, although primary oxides also might be impor-tant with respect to elements such as Sn. Most of the
PHEs were mineral specific; only Fe originated from
multiple minerals, as determined by microprobe
analysis (Table 4). Nevertheless, pyrite was the main
source of Fe owing to its abundance.
4.1.1. As
Arsenic concentrations in the background areas
and in bedrocks of different geological units were
low in comparison to contaminated sediments and
mining wastes (Table 5). Mining exploitation had
the greatest influence on As concentration in sedi-
ments. This undesirable by-product of mining activ-
ity results from the oxidative weathering of
arsenopyrite. However, As concentrations in con-
taminated sediments and mining wastes depended
on sample mineralogy. Only in fresh mining wastes
were sulfides a significant mineralogical source of
As (M10, Figs. 6 and 8). In general, As was prefer-
entially associated with Fe-oxyhydroxides (e.g. 0.7
% of As in contaminated sediments enriched in Fe-
oxyhydroxides, J8, Table 5), which are well-known
to scavenge As and thus constitute an important
sink and a temporary control on contamination
(Carlson et al., 2002; Filippi, 2004; Garcia-Sanchez
and Alvarez-Ayuso, 2003; Savage et al., 2005;
Smedley and Kinniburgh, 2002). pH is a key param-
eter for the stability of the Fe-oxyhydroxide miner-
als. Hence, jarosite was found only in sediments in
most acidic waters (M1, M6) and not in areas with
pH > 3 (Baron and Palmer, 1996; Gasharova et al.,
2005). Bigham et al. (1996) pointed out that schwer-
mannite precipitates over a pH range of 2.8–4.5,
associated with jarosite or goethite. Indeed, it was
found that jarosite and schwermannite precipitated
together in a non-acidified water sample (M6) after
6 months of storage in the laboratory (Fig. 9).
Even though physical and chemical parameters
play an important role in As mobility and availabil-
ity among solid-liquid phases, diagenesis might be
Table 5
pH, Eh and bulk chemical composition of the bed sediments, mining wastes and bedrocks from the Milluni Valley
Element, SG
EPA
Fe (%) Zn (mg kg1),
410
Mn (mg kg1),
260
As (mg kg1),
70
Cu (mg kg1),
270
Cd (mg kg1),
9.6
Pb (mg g1),
218
Sn (mg kg1),
3.4
pH,
wg
Eh (mv),
wg
Conc SD
(%)
Conc SD
(%)
Conc SD
(%)
Conc SD
(%)
Conc SD
(%)
Conc SD
(%)
Conc D
%)
Conc SD
(%)
Bed sediments
P1 nd nd 252 2.7 983 3.4 220 2.2 14 3.1 0.9 8.7 44 .5 9.4 4.9 nd nd
P2 nd nd 83 2.8 nd nd 99 2.8 4 2.9 0.2 6.3 32 .8 5.4 3.3 nd nd
J5 nd nd 368 2.9 715 3.2 56 2.8 20 3.8 1.5 7.3 30 .1 5.1 11.4 6.5 240
J8 nd nd 868 2.5 97 3.5 6860 2.4 105 3.2 1.0 8.6 349 .3 4.5 8.8 4.8 380
V1 nd nd 1490 2.8 850 3.4 90 2.2 161 2.8 3.0 3.1 62 .5 23.9 2.8 5.2 330
M2 nd nd 8300 2.5 1360 2.9 3410 2.2 562 2.9 39.3 3.1 160 .1 152 22.5 3.4 290
M3 nd nd 229 3.1 nd nd 1170 3.0 52 2.9 1.0 5.0 197 .6 68.9 3.4 3.7 370
M6 10.6 1.2 788 6.0 841 4.0 2900 1.1 149 5.7 2.2 6.6 244 .2 400 15.0 nd nd
M8 nd nd 499 2.7 172 2.9 3120 2.4 194 3.1 1.6 8.1 1400 .4 1085 11.9 3.2 450
M9 17.4 6.1 12,100 4.0 2120 4.6 844 6.6 131 17.0 5.1 8.4 53 .8 244 21.0 – –
M10 31.6 4.9 26,700 2.0 77 0.7 5600 0.5 3550 3.5 118 2.5 846 .4 2000.0 3.4 3.0 290
G3 29.6 2.9 979 2.7 110 2.7 4030 2.5 242 2.7 0.9 8.7 671 .1 656 6.5 3.6 500
G8 18.1 6.2 403 3.8 164 5.7 1030 4.0 79 5.5 1.6 8.2 61 .9 30.7 17.6 2.3 380
G11 11.3 3.0 309 4.0 272 2.8 234 2.7 53 2.8 0.6 17.0 37 .9 8.6 3.4 nd nd
Geological units
HPG nd nd 1490 2.8 357 3.3 90 2.2 9 4.1 0.6 11.9 33 .9 11.4 3.2 – –
Fm Uncia nd nd 134 2.8 321 2.7 17 2.8 19 3.4 0.3 14.8 14 .3 4.3 8.7 – –
Fm Catavi nd nd 1950 2.4 84 2.9 269 2.1 60 3.1 6.3 4.6 174 .6 nd nd – –
Rock waste ore nd nd 1560 2.7 7980 3.5 389 2.6 1750 3.0 5.8 6.2 2680 .2 730 3.0 – –
NB: SG EPA: sediment guidelines values given by the Environmental Protection Agency (Ingersoll et al., 2000); wg: without guidelin ; Conc: concentration; nd: not determined; –: not
relevant, HPG: Huayna Potosı´ granite. For the different sampling sites, see Fig. 1.k
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Fig. 8. Percentages of Zn, As, Pb, Fe and Sn associated with different phases determined by the sequential extraction procedure (Leleyter
and Probst, 1999, modified) in three samples of sediments from the Milluni Valley.another important controlling factor (Courtin-
Nomade et al., 2003), as amorphous and disordered
structures such as Fe-oxyhydroxides evolve towards
more ordered crystalline structures such as goethite
(Cornell and Schwertmann, 1996). This probably
explains why goethite was found, even at low pH,
in the acid lakes of Milluni Valley (pH  3, M8,
G8). The sequential extraction performed on the
sediment outlet of the system (G8), showed that
As was mostly associated with the crystalline oxides,
in agreement with mineralogical observations(XRD). Iron-oxyhydroxide diagenesis has been sug-
gested as a secondary As source (Courtin-Nomade
et al., 2003).
The combination of mineralogical (EDS/SEM
and XRD) and chemical (sequential extractions)
investigations argues for the retention of As in the
Fe-oxyhydroxide fraction. Nevertheless, the sequen-
tial extraction of lake sediments (G8) reveals a sig-
nificant portion of As bound to OM, which was
rather unexpected in this acid-oxic environment,
but the OM content measured in this sediment is
Fig. 9. XRD spectrum of the precipitated fraction in the non-acidified M6 water sample (after 6 months storage). Mineralogical patterns
of jarosite and schwertmannite are indicated by circles and triangles, respectively.consistent with such an interpretation (Section
3.3.4).
4.1.2. Cd and Zn
Sphalerite was the main source of Zn and Cd,
which is a trace element in sphalerite (Wedepohl,
1995). Cadmium concentrations in sediments were
generally very low; however, Cd is highly toxic even
at low concentrations. As with As, the mining pro-
cess has a strong influence on Cd concentrations in
samples from the mining area (M2, M10, Table 5),
which were very high compared with samples from
the Catavi Formation or the waste rock. In Milluni
Grande sediments (G8), Cd normalizated to Ti was
more enriched than recent lacustrine sediment val-
ues as proposed by Callender (2003). This argues
for Cd transfer downstream in the Milluni valley
in relation to its high solubility under acidic condi-
tions such as in the mining area (Callender, 2003;
Gomez Ariza et al., 2000; Licheng and Guijiu,
1996). In fresh mining wastes (M10), Cd was mainly
linked to sulphides (according to mineralogical
analysis and sequential extraction – data not
shown). The most labile mineralogical fractions
accounted for around 14% of Cd in this sample;
probably a product of alteration of sphalerite
(Fig. 6). Whereas, in the background and outlet
Milluni lake samples (P1, G8), the non-residualfractions represent around 30% of Cd, verifying
the high availability of this element (Licheng and
Guijiu, 1996; Morillo et al., 2002). Downstream
from the mine (G8), 24% of Cd in sediments was
leached with water, which likely indicates greater
bioavailability (Galay Burgos and Rainbow, 2001).
The high solubility of Cd allowed transitory storage
in tertiary minerals (Alpers et al., 2003) such as
melanterite, which precipitated in distal fine tailings
(M9, Figs. 5c and 7j and Table 5) during DS.
Even if Cd and Zn originated from the same min-
eral source, they did not behave in the same way
throughout the drainage basin. The exception was
in fresh mining waste (M10) and in precipitated sul-
fates (M9), which can be considered as end-mem-
bers in the weathering process. In samples where
mineralogical composition was more complex, such
as upstream pristine sediments (P1) or downstream
lake sediments (G8), Zn like Cd, was bound to var-
ious fractions. In upstream pristine sediments, Zn
was less concentrated than in mining impacted sed-
iments, as would be expected in the context of min-
eralization (Runnels et al., 1992). The sulfide
fraction (20%, Fig. 8) was the source of Zn in this
sediment, presumably because at the neutral pH of
the water (Table 1), sulfide alteration was slow.
The neutral pH promoted adsorption of Zn onto
oxides (30%), while 18% of Zn was associated with
organic matter and 20% remained in the residue,
probably bound to phyllosilicates (Isaure et al.,
2005). In the mining area, Zn was mostly associated
with sulphide phases. Downstream, Milluni Grande
Lake sediments were different compared to the pris-
tine areas and the fresh mining wastes. The strong
acidity of the lake water did not favour adsorption
to this fraction (7% of Zn was bound to Fe-oxyhy-
droxides, Figs. 7l and 8) nor the precipitation of Mn
oxides (Tessier et al., 1996). Nevertheless, a large
portion of Zn (18%) was water soluble (G8) and
was preferentially linked to organic matter (41%).
Zinc was definitely not associated with sulfides,
however, Zn content in the residual fraction
remained high (30%, Fig. 7k). This suggests that just
downstream of the mining sector, sphalerite has
been completely altered by oxidation enhanced by
AMD. The acidification process causes sustained
high Zn concentrations in water, prevents adsorp-
tion onto Fe-oxyhydroxides, and results in precipi-
tation of sulfate salts during the DS as for Cd
(e.g. M9). The precipitation of sulfates such as
melanterite (Fig. 7j), rozenite or copiapite (Ham-
marstrom et al., 2005), which are solid solutions,
can include Zn (Jambor et al., 2000), and might
explain the high concentration of Zn (1.2%) in M9
sediment.
4.1.3. Pb
The main mineralogical source of Pb in the sedi-
ments was galena. Under oxidizing conditions
galena weathers to anglesite, which exhibits low sol-
ubility below pH 6 (Blowes et al., 2003). Galena was
much less abundant than sphalerite in the Milluni
Mine (Ahlfeld and Schneider-Scherbina, 1964),
although some amount was brought to the mill from
nearby mines (Rı´os, 1985). Galena was only found
in the fine sections of mine rock using optical
microscopy in reflected light (not shown). The
absence of galena and the presence of Pb sulfates
(Fig. 7b) could be linked to the rapid alteration of
galena under acid conditions (Lin and Qvarfort,
1996; Moncur et al., 2005), which was experimen-
tally shown by Gleisner et al. (2002). This process
occurs in fresh mine wastes (M10, Fig. 7b), and
could explain why Pb, but not Zn, was present in
all samples associated with the sulfide fraction
(Fig. 8), even at the outlet of the catchment (G8).
Unlike the other metals, Pb was mainly bound to
OM (33%) in fresh mine waste (M10). This observa-
tion does not agree with the initial tests performed
on a fresh pure galena sample, which showed thatthe technique was quite selective for this mineral.
Moreover, even if some organic matter can be found
in fresh mining wastes, it can be reasonably assumed
that the OM content was negligible. This leads to
the hypothesis of the presence of a major Pb-bearing
mineral phase other than galena. Further investiga-
tions into the selectivity of the sequential extraction
for Pb are thus needed. Indeed, the extraction step
for the OM fraction uses ammonium acetate to pre-
vent element re-adsorption (Leleyter and Probst,
1999), which was observed by Cardoso Fonseca
and Martin (1986) to attack tertiary anglesite. It is
thus possible that Pb might come from anglesite dis-
solution (Fig. 7a and b). If it is assumed that angle-
site content was proportionally related to the
amount of galena (1.3%), these results allow a cor-
rection coefficient (ACC) to be applied to estimate
the leachable Pb sulphate during the OM extraction
step.
In the upstream pristine sediments (P1), Pb par-
titioning seemed to be similar to that of Zn. Only
6% of Pb was associated with sulfides. Applying
the ACC as a maximum value, at least 27% Pb
would be bound to the OM. A rather large propor-
tion of acid solublestage, mainly as a consequence
of the presence of carbonates in the bedrock as
shown by the neutral pH water conditions of this
pristine granitic area (Table 1). Downstream from
the mine at Milluni Grande Lake sediments (G8),
applying the maximum ACC correction suggests
that 43% of Pb was associated with OM. Indeed,
this association of Pb with organic matter in river
sediments affected by mining has previously been
observed (Pagnanelli et al., 2004; Singh et al.,
1998). Similarly to As, Sn and Fe (Fig. 8), the asso-
ciation of Pb with crystalline oxides increased from
upstream to downstream, as also noticed in miner-
alogical observations (Table 3).
4.1.4. Fe
In pristine sediments (P1), Fe was well distrib-
uted, similarly to Pb and Zn. Neutral pH and
slightly oxic conditions favoured the occurrence of
sulfides and limited the precipitation of oxides. In
fresh mining waste, Fe was primarily associated
with the sulfide fraction, similar to other PHEs. This
was probably a consequence of the relatively low
weathering rate of pyrite as compared to other sul-
fide minerals and its abundance. Finally, down-
stream in Milluni Grande Lake sediments, Fe was
predominantly associated with oxides (Fig. 7l), in
relation to the high oxic conditions in the lake.
But it was also present in the organic fraction, prob-
ably in relation to the significant OM content (5.5%)
in the lake sediments (Fig. 8).
4.1.5. Sn
Tin was virtually immobile (Fig. 8). Cassiterite
dominated the residual phase, since it is a very resis-
tant primary oxide. Only a minor fraction of Sn was
found in the Fe-oxyhydroxide fraction. In fresh
mining wastes, a large portion of Sn was bound to
sulfides such as stannite and kesterite as also con-
firmed by microprobe analysis (Table 4).
4.1.6. Summary of PHE availability
Finally, with the exception of Sn, in the Milluni
Valley, most PHEs were extremely mobile, as shown
by sequential extractions. The general order of PHE
availability in sediments was established as
As > Fe > Pb > Cd > Zn  Cu > Sn. The maximum
release was from fresh mining waste, and the mini-
mum availability was for the sediments from the
pristine granitic area (P1). Downstream in Milluni
Grande Lake sediments, PHEs were highly mobile
as a consequence of the intense chemical oxidation
of sulfides. As a whole it could be deduced that
pH played an important role in PHE availability
by controlling adsorption on the different labile
fractions. Only upstream of the mine did carbonates
and Mn-oxides trap PHEs. Iron-oxyhydroxides sig-
nificantly controlled the adsorption of PHEs, but
this control was governed by the intrinsic equilib-
rium between the oxides and the element, which var-
ied as a function of pH. Nevertheless, other factors,Fig. 10. log–log relationships between Ca2+ + Mg2+ versus SO24 (a)
conditions (WS); outline symbols indicate dry season conditions (DS); P
sector; MB: water draining the background and mineralized lithology;
Grande sector.mainly OM content, played an important role in
PHE complexation, as seen in Milluni Grande Lake
sediments.
4.2. Lithological and mineralogical footprint on
major elements and PHE composition of surface
waters
The alteration products from the upper Milluni
catchment were dominated by the hydrolysis of car-
bonates and Ca-rich silicates. In contrast, the main
geochemical feature in the downstream mining area
was surface water acidification, resulting from pyr-
ite oxidation. In this basin, the Silurian bedrock
possessed a low capacity to neutralize acidity origi-
nating from weathering of ore minerals.
4.2.1. Major element origins
Calcium dominated the composition of the
waters draining the upper basin and those originat-
ing from the Zongo glacier, which mainly covers
granitic bedrock. This is characteristic of the disso-
lution of calcite, which is present in veins in the
granite, but also to anorthite (CaAl2Si2O8) which
is common in the study area (Table 3). No signifi-
cant difference in Ca content was observed between
waters draining the granitic sector (P1) and the
Ordovician sandstones (P2). Indeed, Tranter
(2003) indicated that in proglacial environments,
waters were always Ca dominated whatever the
lithology.
The waters from the intermediate sector (JK)
reflect the transition between the glacial-granitic, and Fe3+ versus SO24 (b). Black symbols indicate wet season
K: waters from Pata Kkota sector; JK: waters from Jankho Kkota
MC: waters from Milluni Chico sector; MG: waters from Milluni
area and the mine area (Fig. 1). The chemical com-
position reveals the mixing of silicate weathering
from the glacial granitic (PK) and sedimentary area,
and sulphide oxidation of the mineralized geological
unit.
In the Milluni Chico and Milluni Grande areas,
waters were dominated by Mg and SO4 (Fig. 3).
Acidity was high (Table 1) and Fe and SO4 were
only significantly correlated (r2 = 0.95, p < 0.001)
in surface waters downstream from the mining area
(Fig. 10), as a consequence of pyrite dissolution
(Nordstrom et al., 1999). However, in addition to
pyrite, the dissolution of other sulfides such as
sphalerite, chalcopyrite and arsenopyrite produced
SO4 and acidity (Jennings et al., 2000). This acidity
contributed to weathering of most soluble minerals
in the sandstones (i.e. phyllosilicates, which were
the main Mg2+ source), and explained why Mg
became dominant between the pristine and mining
affected waters (Fig. 3). Both in pristine and mining
influenced waters, the relationship between
Ca + Mg and SO4 is positive and significant (r
2 =
0.97 and 0.96, p < 0.001, respectively, Fig. 10),
whereas Fe and SO4 were significantly related only
in mining influenced waters. Therefore, pyrite disso-
lution was restricted in the mining contaminated
waters, whereas gypsum weathering occurred in
the whole valley.
4.2.2. PHE origins
The influence of mining on PHE concentrations
in water has been evaluated by the calculation of
an enrichment factor (EF, see Section 2.3). The gen-
eral EF order in the mining impacted waters was
Cd > Zn As Cu Ni > Pb > Sn. Cadmium was
the most enriched element (1  10+3 < EF < 1 
10+5), consistent with its high solubility. Generally,Fig. 11. Enrichment factor for Zn and As concentrations in surfacthe most enriched elements in water (Cd and Zn)
were linked to the same mineral source (sphalerite).
Arsenic had the next greatest EF (2  10+2 < EF <
4  10+4), since it is a leachable element in sediments
and wastes (Fig. 8, see Section 4.1.6) and it is well
known to be soluble in acidic conditions during rain
events in the wet season (Craw et al., 2003) as
observed in Fig. 4. Zinc, Cu and Ni were highly
enriched in waters downstream of the mine. Their
similar enrichment (100) was probably due to the
relative solubility of Cu and Ni in such conditions
(Sigg et al., 2000), and to the mineral paragenesis.
Indeed, the Cu source was primarily chalcopyrite,
which was clearly associated with sphalerite
(Fig. 6). Lead was only slightly enriched (1.7 <
EF < 65) probably as a consequence of low mineral
content, and due to attenuation by complexation
with organic matter in sediments. With the exception
of some specific sampling points surrounding the
mine, and during specific hydrological conditions
(Fig. 1, J8 inWS,M4 andM6 inDS), enrichment fac-
tors for Sn never exceeded 10. Thus, little Sn contam-
ination was detected in water of the whole Milluni
catchment, as it is highly insoluble (Figs. 7d and 8).
The results indicate very high concentrations of
Zn and As in surface waters and a significant avail-
ability in sediment and wastes in relation to the
physico-chemical conditions, which imply these
two are the most dangerous pollutants in the area.
Proceeding downstream, there was a very clear step
in EF values (for Zn and As, Fig. 11) between pris-
tine and slightly contaminated waters (near the
background values, P1 to G9) and contaminated
waters (several times the background values, M1
to G8). Three kilometers downstream from the mine
(M8), the As enrichment in water (1  10+3 <
EF < 7  10+3, Fig. 11) surpassed the value of thee waters from Milluni catchment. RB: regional background.
main mine effluent (M1), whereas EF remained high
for Zn (M8 and G8, 1  10+3 < EF < 4  10+4)
even 5 km downstream from the mine. At the outlet
(G8), EF for both elements was lower than in the
Milluni Chico sector (M1 to M8, Fig. 11), probably
due to: (i) dilution of contamination by lateral trib-
utaries of Milluni Grande Lake (with lower EF val-
ues), or (ii) attenuation by geochemical processes.
In spite of these similarities, As and Zn exhibited
very distinct geochemical behaviours. A consider-
able decrease for As was observed at the outlet
(G8, EF < 250), which can be explained by its
adsorption onto Fe-oxyhydroxides, as demon-
strated by mineralogical and chemical data (Table
3 and Fig. 8). Conversely, Zn enrichment in water
might be related to the importance of the water sol-
uble fraction in Milluni Grande Lake sediments
(G8), as shown by sequential extractions (Fig. 8).
Moreover, the acidic pH played a key role limiting
Zn adsorption onto the sediments, and contributed
to maintaining dissolved Zn in lake water.
4.3. Hydrological conditions: the role of major
element and PHE transfer in surface waters
As a result of drastically lower precipitation dur-
ing the winter dry season (Fig. 2), stream water dis-
charge is greatly diminished. Less precipitation,
combined with freezing, concentrated solutes in
waters (higher TDS, Table 1). This effect was partic-
ularly obvious in the upper catchment and in Mill-
uni Chico runoff and lake. This strong seasonal
influence is seen in Fig. 10, where Fe and SO24 con-
centrations significantly increased from WS to DS.
However, SO4 was higher than FeTot as a conse-
quence of (i) more conservative behaviour of SO4
(Bencala and Ortiz, 1999), (ii) the precipitation of
Fe as oxyhydroxides (Figs. 7i and 9), and (iii) the
dissolution of sulfide minerals other than pyrite
(e.g. sphalerite, galena).
Most PHEs in the valley are products of sulfide
oxidation. With the exception of Zn in contami-
nated waters, higher PHE concentrations were
observed in waters in the WS compared to DSTable 6
Comparison of PHE loads at the oulet of Milluni Chico sector (M8) d
Point Season Area (km2) Discharge (l s1
M8 WS 27.5 470
M8 DS 27.5 89.4(one- to three-fold, Table 2 and Figs. 2 and 4), par-
ticularly for Mn, Cu, Cd and Pb. At the beginning
of the WS, rainfall recharged mine groundwaters
and washed contaminated sediments leading to the
dissolution of soluble minerals enriched in PHEs.
This rapid dissolution contributes to the transport
of elements downstream during periods of flush.
This pattern was significant for As in mining efflu-
ents (M1, M4, 10 times ratio), except in the Milluni
Chico sector (M6 and M8) where As, Mn, Cd and
Zn concentrations were more elevated during the
DS. This difference might be explained by the low
slope of the area (moreover, M6 showed a very
low discharge, <0.5 l s1) and the shallow water in
Milluni Chico lake (M8), which favoured water con-
centration by evaporation and possibly a more
important contribution of concentrated sediment
interstitial water to surface waters. Nevertheless,
calculated loads for PHEs at the outlet of Milluni
Chico sector (M8) showed that the maximum con-
taminant load for Pb, Cu, Cd, As and even for
Zn, occurred during WS (Table 6).
Arsenic EF was higher during the DS, with the
exception of the mine influents (Fig. 11). Hence
there might be an apparent contradiction with the
concentration pattern. This discrepancy could be
related to hydrological control observed on Sc con-
centrations during the WS, as mentioned previously
(Section 2.3). This element was mainly a dissolution
product of silicates and phosphates (Barthelmy,
2005). Enhanced silicate weathering during the WS
caused greater Sc concentrations, in a higher pro-
portion than As. This was clearly seen for As EF
(Fig. 11) at J9, G9 and G8.
In contrast to As, Zn concentrations as well as Zn
enrichment were higher during the DS in the mine
area. A negative correlation between discharge and
Zn also was observed in waters from Iron Mountain
in the USA (Alpers et al., 2003). The oxidation of
sphalerite is not water dependent, unlike the oxida-
tion of other sulphides. The preferential control of
other PHEs by oxides and sulfate salts during the
DS (Alpers et al., 2003; Craw et al., 2003) might
explain their contrasting behaviour to Zn.uring wet (WS) and dry seasons (DS)
) Metal loads (mg s1 km2)
Zn As Pb Cd Cu
456 10.9 0.3 3.2 15.0
372 4.6 0.03 0.7 1.6
5. Conclusions
For the first time, mining related contamination
in the Milluni Valley of Bolivia was investigated
using a multi-disciplinary approach including geo-
chemistry, mineralogy and hydrology. This drainage
basin is the main water supply for La Paz, the capital
and largest city in Bolivia. Surface water was identi-
fied as the vector for PHE transport, which can cause
multiple and very serious effects on the environment,
and furthermore to human health. The goal of the
study was a complete characterization of PHEs in
waters and sediments, the identification of sources
and sinks, and the mechanisms responsible for their
distribution in the environment.
Elemental concentrations were highly enriched,
relative to background levels, in surface waters
and sediments downstream of the Milluni Mine.
As a consequence, the PHE contamination was
obvious downstream from the mine, as indicated
by the strongly exceeded water guideline values for
human consumption. The very acidic conditions
were identified as a main control on high dissolved
element concentrations in surface waters. The typi-
cal order of PHE enrichment was Cd > Zn As
Cu  Ni > Pb > Sn:
 Sulfides (sphalerite, arsenopyrite, pyrite, chalco-
pyrite and galena) were the primary source of
Zn, Cd, As, Fe, Cu and Pb in surface water and
sediments, although primary oxides were the main
Sn source. Sphalerite and chalcopyrite were likely
consumed by oxidation, based on their absence in
the sediments at the outlet of the catchment. Arse-
nopyrite and mainly pyrite remain in these sedi-
ments presumably due to their lower solubility.
 The relative decrease in As contamination of sur-
face water downstream from the mine in such
acidic and oxidising conditions was related to
the uptake of As by amorphous and crystalline
oxides in sediments.
 Low pH in surface waters downstream of the
mine favoured the high concentrations of Zn
and Cd in the dissolved phase. However, climate
conditions controlled the precipitation of tertiary
minerals (such as melanterite) during the DS.
This process was identified as a transitory ele-
ment storage.
 Unexpectedly, uptake by organic matter was an
important control on Zn and Pb in bottom sedi-
ments, particularly in those from Milluni Grande
Lake. The exception was for sulfide-rich miningwastes, where organic matter was negligible. In
the organic matter extraction step of mining
waste, associated Pb was derived mainly from
anglesite dissolution.
 The order of availability of PHEs in sediments
was identified as follows As > Fe > Pb > Cd >
Zn  Cu > Sn according to the non-residual frac-
tions. However, with reference to the range of
water quality guideline exceedances, the order
of element toxicity was Fe > As > Cd > Zn M-
n > Al > Pb > Cu in highly contaminated waters,
whereas at the outlet of the catchment it was
Fe > Cd > Zn Mn > As > Al > Pb.
 Hydrological conditions were important in mod-
ulating the element concentrations, their enrich-
ment and loads. Contrasting behaviours were
observed between major elements and PHE. Dur-
ing the WS, meteoric waters enhanced the mobi-
lisation of elements from primary and unstable
tertiary mineral dissolution contributing to a
‘‘flush” of contamination downstream, but dilute
the concentration of major elements derived from
mineral weathering.
 The study area is located in a tropical latitude
with seasonally contrasted hydrological condi-
tions, but the high altitude is responsible for a
cold high mountain climate. These conditions
play an important role in water contamination
by mining exploitation, particularly in relation
to mineral weathering and leaching processes.
Hence, the geochemical behaviour of element
contamination is more akin to that of temperate
and cold regions than to tropical areas.
 AMD is the main source of water pollution in the
area. Hence, initial remediation must focus on
sealing the main mine galleries to avoid water
percolation and limit acid mine drainage. This
effort will mainly act to reduce the element
release from mining wastes along the valley.
Water in the Milluni Chico and Grande Lakes
exhibits low pH; however, lake sediments repre-
sent a noteworthy sink for As via adsorption to
Fe-oxyhydroxides, while Zn and Pb, to a lesser
extent, are trapped by organic matter. Therefore,
removal of bottom sediments would not be an
appropriate remediation strategy.
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